Purpose: To investigate changes in corneal topography and morphology in human eyes wearing orthokeratology (OK) lenses for overnight and over a 5-year period.
T he application of orthokeratology (OK) contact lenses was first reported approximately 10 years after corneal contact lenses had been used to correct refractive errors in the early 1950s. 1, 2 Corneal contact lenses are an additive element to the refractive system of the eye and act to adjust the refractive state of the eye. OK lenses, on the other hand, do not function as part of the refractive system of the eye. They are used to flatten the corneal surface overnight and then removed, resulting in a reduction of the corneal power for a period of time during the day. This reduced corneal power can correct myopia by a maximum degree of 24.5 to 25.0 diopter (D) [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] for 8-10 hours after removal of the lenses. Therefore, unlike corneal contact lenses, OK lenses can only correct moderate myopia.
The development of reverse-geometry lenses has increased the efficiency and persistence of the myopic correction with OK lenses. 2, 4, 9, 10 For instance, the amounts of myopia that can be corrected are 0.61 D, 2.04 D, 3.11 D, and 4 D in eyes wearing reverse-geometry OK lenses for 10 minutes, 1 day, 7 days, and 14 days, respectively. 7, 12 It is also shown that OK lens wear can inhibit myopic development in adolescents. [13] [14] [15] Therefore, they may be used in teenagers regularly to prevent myopia in this susceptible age group. OK lenses also seem to have some benefits over corneal contact lenses and spectacles in the case of some occupations or circumstances such as firefighters, pilots, athletes (swimmers, track, and field runners and footballers), and people who live in a hot and humid environment.
Changes in corneal thickness, curvature, sensitivity, cell density, and cell morphology have been studied extensively in contact lens wearers. [16] [17] [18] [19] [20] [21] [22] [23] The degree of these changes varies with the corneal location, wearing molds/schedules, and materials of the contact lenses. Both soft and rigid gaspermeable (RGP) contact lenses can change the corneal contour and increase the variability of the thickness in different regions of the cornea. [24] [25] [26] The majority of the currently used OK lenses are made of high-Dk RGP materials. 27 However, the corneal changes found in high-Dk and RGP contact lens wearers may not necessarily be the same in OK lens wearers because of the reverse geometric design (a flat center and steep periphery) and overnight wear for OK lenses. The pressure exerted by the OK lenses is mainly imposed on the central cornea 7, 28 and the eyes during lens wear are in closed-eye conditions for a prolonged period. 29 Therefore, the corneas in OK lens wearers could be more likely to develop adverse responses than in contact lens wearers because of an increase in acidity and hypoxia of the closed eye [30] [31] [32] [33] during lens wear.
Corneal ulcers caused by Pseudomonas aeruginosa has been reported in children and adults wearing OK lenses. [34] [35] [36] This infection associated with OK lens wear is problematic because of its potentially poor outcome.
Corneal flattening with a reduction of central corneal power is observed within 8 hours of OK lens wear, 7, 37 which is mainly caused by central epithelial thinning and midperipheral thickening of the epithelium and stroma. 5, 8, 12 In a 1-month schedule of OK lens wear, overnight stromal edema is found mainly in the area from middle to peripheral cornea ; however, the severity of edema decreases with an increasing number of days in overnight lens wear. 28 In a longer period of OK lens wear (3 months), there is a 33% reduction in central corneal epithelium, whereas only slight thinning occurs in the overall corneal thickness. 26 These results indicate that overnight stromal edema in OK lens wearers plays a significant role in the thickening of the peripheral cornea and that the eyes seem to accept the lenses gradually with lens wear.
However, to the best of our knowledge, little is known in regard to microstructural changes of the cornea in response to short-term and long-term OK lens wear. In particular, studies on microstructural and topographical changes in long-term OK lens wear have not been reported in the literature. Therefore, this study investigated changes in corneal morphology, thickness, cell density, and topography in human myopes who had worn OK lenses overnight or over a 5-year period. Corneal changes responsible for the correction of myopia were also compared between a single night of OK wear and 5 years of OK lens wear.
MATERIALS AND METHODS

Subjects and OK Lens Wear
This study was approved by the Ethics Committee of Zhong shan Ophthalmic Center of Zhong Shan University, China, and adhered to the tenets of the Declaration of Helsinki. Twenty-six subjects (51 eyes from 10 males and 16 females) with an age of 19.4 6 5.0 (mean 6 SD) years and a refractive state of 23.15 6 0.82 D wore OK lenses overnight for 5 years. Thirty subjects (60 eyes from 13 males and 17 females) with an age of 22.5 6 4.1 years and the refraction of 23.06 6 0.90 D wore OK lenses for 1 night (8 hours). There was no significant difference in the refraction between these 2 groups (P = 0.701). The eyes before 8-hour lens wear served as a control to both the groups. All the subjects had no history of ocular diseases, corneal trauma, or systemic diseases and were confirmed normal by slit-lamp biomicroscopy before lens wear.
The OK lenses used in this study were reverse-geometry rigid lenses (10.40-10 .60 mm in overall diameter and 6.00 mm in optic zone diameter). All lenses were made of Boston XO material with a nominal central thickness of 0.22 mm and a Dk at 145 3 10 211 cm 2 mL O 2 /s mL mm Hg (Macro Vision Corporation, Taiwan, China). The subjects were requested to insert the lenses into both eyes by themselves before going to sleep at night and to remove the lenses at 8 o'clock the next morning. In the morning at the end point of the study, all the subjects returned to the clinic with the lenses worn on the eyes and the lenses were removed by research staff. The cornea of these subjects was then examined with confocal microscopy and corneal topographer within 1 hour of removal of the lenses.
Confocal Microscopy
The corneas were examined with a scanning slit confocal microscope (ConfoScan 2.0 Model P3; Fortune Technologies Srl, Italy). This microscopic system consisted of a light source (halogen bulb), a scanning module containing a highly sensitive black-white camera (Proxicam HL 5), 3-axis stepper robot, a water immersion lens, a 15-inch monitor (LCD SVGA) attached to a personal computer, and an information system (Nidek Advanced Vision). The microscope has a magnification of 31000, scanning slit width of 0.28 mm, depth resolution of 10 mm in optical sectioning, lateral optical resolution of 1 mm, and the final size of object area at 340 mm 3 255 mm. The real-time images in each scanning can be recorded directly on the computer hard drive with a maximum memory for recording 350 images. The microscope was set for a scanning thickness between 650 and 700 mm with.
Two eye drops of 0.4% oxybuprocaine hydrochloride (Santen Pharmaceutical Co, Ltd, Japan) were instilled into the eye 5 minutes apart. The objective lens was immersed in 75% ethanol for 10 minutes and air-dried before each examination. A drop of viscous gel (Vidisic eye gel ; Bausch & Lomb, Berlin) was applied onto the tip of the objective lens. The subject was guided to look forward with the forehead and chin resting on the support attached to the microscope. The objective lens was advanced toward the central cornea by controlling a joystick ( ConfoScan 2.0, Operation manual) until images appeared on the monitor. The lens was aligned vertically to the cornea and was moved forward for a further 50 mm until images of the endothelium appeared. The images were recorded from this point.
The central cornea was measured for epithelial and stromal thickness (using Z-scan), basal cell density, keratocyte density in anterior stroma (501.5 6 100.7 mm away from endothelium), and posterior stroma (100.8 6 58.0 mm away from endothelium). The number of epithelial basal cells and keratocytes was manually estimated with the cell density provided. The density of the endothelial cells with the number of hexagon cells in proportion to total endothelial cells was also measured. Selected endothelial images were analyzed for the cell density using software (Confo Scan 2.0, NAVIS Cell Count User Guide). The result of each corneal parameter was recorded as the mean of 3 repeated measurements.
Corneal Topography
Corneal topography was measured with an Orbscan topographer (Orbscan II anterior segment analysis system, Utah). The subject rested his/her chin on the support in front of the topographer with both eyes fixating on a target light straight ahead. The topographer scanned the cornea with light slits at an angle of 45 degree to the cornea surface. The curvature, refractive power, and elevation of any point on anterior and posterior surface of the cornea were calculated by the Obscan software version 3.12. The corneal thickness was measured at central, nasal, temporal, superior, and inferior zones. The 4 noncentral zones were at least 3 mm away from corneal center, respectively. The distance between the anterior and the posterior surfaces was used to determine the corneal thickness with the measuring deviation smaller than 1 mm.
Statistical Analysis
Data measured before and after the lens wear for same eyes were compared using paired-sample t test. Results from 5-year lens wear were compared with those from the control group (no lens wear) using unpaired-sample t test. The interocular and intergroup differences were defined as significant at P , 0.05 and highly significant at P , 0.01.
RESULTS
Visual Acuity
The visual acuity was improved significantly from 0.16 6 0.08 to 0.88 6 0.10 (decimal) (P , 0.001) after 8-hour lens wear and from 0.24 6 0.11 to 1.20 6 0.16 (P , 0.001) after 5-year lens wear. None of the subjects experienced adverse responses related to the lens wear, and there were no detectable abnormalities of the eyes under slit-lamp microscopy.
Confocal Microscopy
Before the lens wear, corneal epithelial cells demonstrated 3 types of reflective intensity: highly bright, bright, and dim (Fig. 1) . The superficial epithelial cells were loosely arranged with a hexagon or pentagon cell profile. The nuclei of these cells are usually bright and visible. The basal cells were densely packed, had a clear cell profile, and were more homogeneous in cell size and reflective intensity than the superficial cells (Fig. 2) . However, the nuclei of the basal cells were invisible under confocal microscopy. Bowman layer was a noncellular homogeneous band with the presence of dendritic nerve fibers (Fig. 3) . The corneal stroma showed average distribution of the keratocytes with the nuclei appearing to be oval or shuttle-shaped. The density and homogeneity of the keratocytes in the anterior stroma were higher than that in the posterior stroma (Table 1, Fig. 4 ).
Descemet membrane could not be defined as clearly as Bowman layer. The endothelium was densely packed with hexagon-shaped cells, which were homogeneous in cell size and reflectivity (Fig. 5) .
After an 8-hour lens wear, the cell morphology, thickness, and basal cell density in the central epithelium did not significantly differ from those before the lens wear (Fig. 1, Table 1 ). The central stromal thickness increased by 47 mm (P = 0.012 compared with same region before lens wear). The density of keratocytes decreased by 111/mm 2 in the anterior stroma and by 72/mm 2 in posterior stroma (P , 0.001 compared with the same region before lens wear). Furthermore, the keratocytes in the posterior stroma appeared to become spiky, elongated, and less homogeneous in cell size (Fig. 4) . There was only 1-year difference in age between the eyes of 5-year lens wear and the control eyes at the end of the study (24 versus 23) . The central corneal epithelium in this long-term lens wear group was 10 mm thinner, and the density of the basal cells decreased significantly by 1177/mm 2 compared with the control group (P , 0.001, Table 1 ). However, the cell morphology of the epithelium was similar between the long-term lens wear and the control groups (Figs.  1, 2) . The number of keratocytes in eyes of the long-term lens wear decreased by 175/mm 2 in the anterior stroma and 137/mm 2 in the posterior stroma (P , 0.001 compared with the control eyes). However, the keratocyte morphology and stromal thickness in the central cornea did not change compared with the control eyes (Fig. 4) . The Bowman layer was similar among the 8-hour lens wear, 5-year lens wear, and the control groups in morphology and nerve distribution. The endothelial cells were also similar among these 3 groups in cell morphology, cell density, and proportion of the hexagon cells (P $ 0.15, Table 1 , Fig. 5 ).
Topography
After 8 hours of lens wear, the cornea significantly flattened at the 3-mm central region (P , 0.001) but did not change at the 5-mm central region (P = 0.86, Table 2 , Fig. 6 ) compared with the same regions before the lens wear. The 
DISCUSSION
This study investigated changes in corneal morphology and topography in eyes wearing OK lenses for a single night and a 5-year period of overnight lens wear. The visual acuity is improved significantly in eyes from the 8-hour or the 5-year lens wear groups, and the amount of this improvement is similar between the 2 groups. Because the degree of myopia before the lens wear is similar for these 2 groups, it is reasonable to suggest that a short-term lens wear is as effective as a long-term lens wear in OK refractive correction.
The cornea flattens significantly in the eyes of these 2 groups as indicated by a reduced corneal curvature on SimK (flat) ( Table 2 ). After 8 hours of OK lens wear, the central stromal thickness increased significantly with a decreased density of keratocytes across the entire thickness of the stroma under confocal microscopy (Table 1) . However, the proportion of the reduced numbers in keratocytes is similar for both the anterior and the posterior stroma (8.5%-10%). The cell activity in the posterior stroma appeared to increase as evidenced by the spiky and elongated keratocytes (Fig. 4) . Furthermore, the minimum corneal thickness increases significantly. These results suggest that the thickening of the central stroma is because of a temporary tissue edema in response to mechanical pressure imposed by the OK lens 8, 28 and the relative hypoxia during the closed-eye condition. This speculation seems to be consistent with a similar degree of thickening among the 4 paracentral regions of the cornea (Table 2) , which could have originated from the epithelium 8 and the stroma. 12 It has been reported that a mild but significant epithelial thinning in central cornea (,10%) can be detected by optical coherence tomography 8 and optical pachometry 12 after overnight OK lens wear. However, significant changes in the central corneal epithelium are not detectable by confocal microscopy in the 8-hour wear group from this study. These results indicate that optical coherence tomography and optical pachometry may be more sensitive than confocal microscopy in the detection of minor biometric changes in corneal epithelium.
After 5 years of overnight lens wear, epithelial thickness in the central cornea decreases by 15 %; however, the central FIGURE 5 . Under confocal microscopy, the endothelium in all 3 groups was densely packed with hexagon-shaped cells, which were homogeneous in cell size and reflectivity. stromal thickness does not change significantly compared with the control eyes ( Table 1 ). The central epithelial thinning could be associated with the significantly reduced density of the basal cells. The density of keratocytes in the 5-year lens wear decreases by 15%-16% in both anterior and posterior stroma. Furthermore, the keratocytes seem to be more reactive to 8-hour lens wear than to 5-year lens wear, suggesting that the cornea gradually adapts to OK lens wear with time. The entire thickness of the central cornea remains unchanged in eyes wearing OK lenses for 5 years. However, the thickness in the 4 paracentral regions of the cornea in these eyes significantly increases twice as much as in eyes wearing 8-hour lenses ( Table 2 ). Unlike the 8-hour lens wear, the minimum corneal thickness remains unchanged in eyes with a 5-year lens wear. All these results indicate that eyes with a long-term wear of OK lenses undergo a rearrangement in corneal topography rather than a short-term edematous response. In daily wearers of soft or other types of contact lenses over a period longer than 10 years, the thickness of central corneal epithelium does not change, whereas the peripheral epithelium thins compared with the age-matched control subjects. 38 These results are opposite to the findings in the 5-year lens wear from this study, suggesting that the pressure exerted from the contact lenses is mainly imposed on the peripheral cornea, probably because of the geometric design of the lenses. Long-term daily wear of soft contact lenses does not significantly change keratocyte density of the entire cornea. 38 However, long-term extended wear of the same lenses significantly reduces the keratocyte density in the anterior and posterior cornea. 39 Endothelial pleomorphism and polymegethism are commonly found in long-term wearers of different contact lenses, although an increase in gas permeability of the lenses could reduce these abnormalities. 23, [38] [39] [40] [41] However, both the short-term and the long-term wear of OK lenses in this study does not affect the morphology and density of the endothelium.
In summary, short-term and long-term wear of OK lenses can effectively improve visual acuity by flattening the central cornea of the myopic eyes. The flattened cornea in the short-term lens wear is mainly because of the thickening of the midperipheral cornea. The flattened cornea in the longterm lens wear, however, is associated not only with the thickening of the midperipheral cornea but also with the central epithelial thinning. Long-term OK lens wear does not cause similar morphological changes in the corneal endothelium to the long-term wear of contact lenses.
